Family history is a strong predictor of colorectal cancer risk; however, a diagnosis of colorectal cancer among first-degree relatives has not been systematically investigated as a function of the colorectal cancer molecular subtypes related to tumor microsatellite instability (MSI) status. We investigated whether the observable familial colorectal cancer risks differed according to tumor MSI subtypes, stratified as MSI-High (>30% instability), MSI-Low (<30% instability), and MSS (no instability). Data from 3,143 population-based colorectal cancer cases from five institutions were assessed for family history according to the Amsterdam criteria and the Bethesda guidelines, age at diagnosis, sex, tumor location, and MSI status. The distribution of patient characteristics by MSI status was compared using polytomous logistic regression. Overall, 2.8% colorectal cancer cases met the Amsterdam criteria and 37% met the Bethesda guidelines. There were 14% MSI-High, 13% MSI-Low, and 73% MSS colorectal cancers. MSIHigh (P < 0.0001) and MSI-Low tumors (P = 0.01) were more proximally located than MSS tumors. MSI-High tumors were more common among females (P < 0.001). The highest proportion of MSI-High tumors occurred in cases <40 years of age whereas the age-dependent distribution of MSI-Low tumors was unchanged. MSIHigh tumors showed a statistically significant association with increasing numbers of first-degree relatives with colorectal cancer (P = 0.002); this association disappeared, however, when MSI-High cases meeting Amsterdam criteria were removed from the analysis. MSI-Low tumors did not show a similar association with family history of colorectal cancer. Familial risk associated with MSI-High tumors is primarily driven by the Amsterdam-criteria patients. MSI-Low tumors may represent a distinct subtype of colorectal cancer with respect to certain epidemiologic variables studied here. (Cancer Epidemiol Biomarkers Prev 2009;18(3): 967 -75) 
Introduction
In 2006, in the United States, there were 148,610 new cases of colorectal cancer, and mortality from colorectal cancer ranked second only to lung cancer (1) . At a population level, one challenge has been to determine how best to stratify individuals by levels of risk, so as to provide optimal screening. Age is the strongest risk factor for colorectal cancer. Family history is also a strong predictor of colorectal cancer risk, and large populationbased studies from multiple countries have repeatedly documented increased risk of colorectal cancer in the relatives of those with colorectal cancer (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . The risk is greater if the relative is young or if a person has more than one affected relative. These epidemiologic studies, however, did not examine familial risk as a function of the recently defined molecular subtypes of colorectal cancer related to tumor microsatellite instability (MSI).
Colorectal cancers can be divided by molecular phenotyping into those with normal DNA mismatch repair (MMR) function (around 85% of all colorectal cancers) and those with DNA MMR deficiency. The laboratory feature observed in those with DNA MMR deficiency is a distinct form of genetic instability known as microsatellite instability (MSI), which is characterized by small deletions or insertions within short tandem repeats (''microsatellites'') in tumor DNA not seen in corresponding DNA from normal tissue. Microsatellite stable (MSS) tumors have no evidence of instability at any marker. Tumors are classified as having a high level of MSI (MSI-High or MSI-H) if >30% of tested microsatellites show instability (20, 21) . Tumors with 1% to 29% of microsatellites showing instability are said to have a low level of MSI (MSI-Low or MSI-L). Depending on the number and type of microsatellite loci showing instability, and the threshold criteria used to score MSI status, the reported frequency of MSI-L tumors has ranged from 3% to 35% of all colorectal cancers (22) (23) (24) (25) . MSI-L tumors do not seem to arise due to a defective DNA MMR function like MSI-H tumors; thus, in clinical practice, MSI-L tumors have been commonly grouped together with MSS tumors. Recent studies suggest, however, that compared with MSS tumors, MSI-L colorectal cancers are associated with less desirable histopathologic features and may confer a poorer prognosis, raising the possibility that MSI-L tumors represent a distinct subgroup (26) (27) (28) .
About 15% to 20% of all colorectal cancers are MSI-H tumors. Few (about 2-3%) of these are due to inherited syndrome hereditary nonpolyposis colorectal cancer (HNPCC), also known as Lynch syndrome, which is characterized by germline defects of DNA MMR genes (29, 30) . Besides colorectal cancer, Lynch syndrome patients are also at an increased risk of developing extracolonic cancers, including but not limited to the endometrium, small bowel, ureter and renal pelvis. Extracolonic cancers in Lynch syndrome patients also manifest MSI-H status. Among extracolonic cancers, endometrial cancer is the second most common cancer occurring in these patients. This clustering of cancers often makes the diagnosis of Lynch syndrome difficult, and several clinical diagnostic criteria have been developed to address this issue. Traditional and more stringent Amsterdam type I criteria are based on a family history of colorectal cancer associated with a dominant mode of inheritance combined with an early age of onset (31) . These criteria were subsequently revised and updated, termed Amsterdam type II criteria, to include extracolonic cancers observed in Lynch syndrome families (32) . Other widely used criteria include the Bethesda Guidelines, which are based on clinical and histopathologic characteristics of tumors. The Bethesda Guidelines were primarily developed to identify individuals with MSI tumors, who should be further considered for evaluation of germline MMR gene mutation status (33) (34) (35) (36) .
In population-based studies (as opposed to studies conducted in high-risk clinics) the MSI-H tumor phenotype is predominantly caused by somatic (not germline) biallelic inactivation of the MMR gene MLH1 via promoter hypermethylation. DNA methylation is associated with the aging process, and sporadic MSI-H tumors with MLH1 deficiency are more commonly seen in older patients, in women, and in proximal colon tumors (37, 38) . Recently, reports have noted that the process of DNA methylation may be influenced by genetic factors such as germline, and such MSI-H patients may have variable family histories of colorectal cancer and/or other extracolonic malignancies (39, 40) . However, these seem to be rather exceptional families and likely do not account for most of the MLH1 methylation in MSI-H tumors associated with aging. Thus, the heritability of colorectal cancer of the MSI-H type that is not due to Lynch syndrome is poorly defined.
By stratifying colorectal cancers by DNA MMRdependent tumor MSI status in this study, we sought to assess family history in the context of this information. Furthermore, we attempted to stratify the MSI-H group by excluding putative Lynch syndrome families, in order to observe the residual familial risk in the MSI-H group that likely does not have Lynch syndrome. Lastly, this large population-based study provided an opportunity to compare and contrast the controversial MSI-L group with the MSS and MSI-H groups with regard to family history and basic demographic categories.
Materials and Methods
Patients. The study subjects were patients diagnosed with primary colorectal cancer, from ages 18 to 75 y, ascertained from population-based registries through participating centers in the Colon Cancer Family Registries (C-CFRs), a National Cancer Institute -supported consortium established in 1997 to create a multinational comprehensive collaborative infrastructure for interdisciplinary studies in the genetic and molecular epidemiology of colorectal cancer. 15 The participating registries and collaborating institutions use standardized instruments and protocols to collect family history information, epidemiologic and clinical data, and related biological specimens, with quality control measures throughout the collection, processing, and storing of data and samples. All CFR sites have institutional review board approval of protocols. Since 1997, eligible patients were identified and relevant data collected by Cancer Care Ontario, Toronto, Canada; The Fred Hutchinson Cancer Research Center, Seattle, Washington; the Mayo Clinic, Rochester, Minnesota; the University of Southern California Consortium, Los Angeles, California; the University of Queensland, Brisbane and the University of Melbourne, Melbourne, Australia; and the University of Hawaii, Honolulu, Hawaii.
The sampling and recruitment methods varied across CFR sites. Some centers recruited all colorectal cancer cases within a stipulated age range, whereas others sampled cases for recruitment according to age and/or family history, as previously described (41) .
Family History and Tumor Phenotyping. After consenting to participate in research, cases (probands) provided a family history, and enrollment of additional relatives began. Verification of reported cancer diagnoses included use of multiple family member interviews, review of medical records, death certificates, pathology reports, and tumor tissues. The pedigrees of probands were reviewed to identify those meeting the Amsterdam I and Amsterdam II criteria and the Bethesda Guidelines. Amsterdam I criteria require three relatives with colorectal cancer (the ''triad''), one of whom is a first-degree relative of the other two; colorectal cancer involving at least two generations; one or more colorectal cancer cases diagnosed at <50 y of age at onset; and exclusion of the diagnosis of familial adenomatous polyposis (31) . Amsterdam II criteria are similar to Amsterdam I except that they specify three relatives with a ''HNPCCassociated'' tumor (defined, for these purposes, as colorectal, endometrial, small-bowel, ureter, or renalpelvis tumors; ref. 32) . A colorectal cancer proband was classified as meeting the Amsterdam I or II criteria if the proband was any part of the Amsterdam triad, or the proband was not part of the triad but there was a continuous lineage through first-degree relatives affected with Amsterdam I-or II-related cancers from the proband to the triad.
The Bethesda Guidelines refer to an individual with colorectal cancer. Each affected individual can be scored for five specific criteria (34) (35) (36) , namely: (a) a proband with colorectal cancer diagnosed <50 y of age; (b) a proband with colorectal cancer and the presence of synchronous or metachronous colorectal or other HNPCC-associated tumors, regardless of age; (c) a proband with colorectal cancer with MSI-H histology diagnosed in a patient <60 y of age; (d) a proband with colorectal cancer plus a colorectal cancer or HNPCCassociated tumor diagnosed at <50 y of age in at least one first-degree relative; and (e) a proband with colorectal cancer plus a colorectal cancer or HNPCC-associated tumor diagnosed at any age in two first-or seconddegree relatives. As we did not have a systematic review of colorectal tumor pathology across all CFR sites, we did not apply criteria 3 in scoring our families for the Bethesda Guidelines. In keeping with the presumed intent of this criterion, we made a rule that the two relatives used to fulfill criteria 5 had to be related by blood to one another, even though this was not stated explicitly in the publication of the Revised Bethesda Guidelines (35) . The ''HNPCC-associated'' tumors in the published guidelines included colorectal, endometrial, stomach, ovarian, pancreas, ureter and renal pelvis, biliary tract, and brain (usually glioblastoma as seen in Turcot syndrome) tumors; sebaceous gland adenomas and keratoacanthomas in Muir-Torre syndrome; and carcinoma of the small bowel, regardless of age. We excluded those reported only as ''kidney'' as most of these were likely not to be renal pelvis. We included ''brain,'' not otherwise specified, as specific brain tumor histology was not mandated in the guidelines.
Colon tumors were stratified as ''proximal'' when located proximal to hepatic flexure, and ''distal'' when localized to rectosigmoid junction, rectum, rectum overlap with other sites and anus unspecified; those with missing location information were considered to be ''other'' category.
MSI Testing. Colorectal tumor blocks were collected from all eligible patients from hospitals throughout the United States, Canada, and Australia. DNA was extracted from paraffin-embedded matched normal and tumor tissue specimens, and tested for MSI using 10 microsatellite loci (four mononucleotide markers: BAT25, BAT26, BAT40, BAT34C4; five dinucleotide markers: D5S346, D17S250, ACTC, D18S55, D10S197; and penta-mono-tetra compound marker MYCL as described previously; ref. 42 ). Tumors were classified as MSI-H if >30% markers showed instability, MSI-L if V30% and >0% showed instability, and MSS if no marker exhibited instability. A minimum of four interpretable markers (maximum up to 10) was required to be included in this study.
Statistical Analysis. This was a case-case study using the largest subgroup, the MSS group, as the reference against which the MSI-H and the MSI-L groups were compared. To account for the sampling of subjects at some CFR centers, we used proband weighting so that the recruited sample was a statistical representation of the entire population of colorectal cancer cases at each site. Subjects included in this study were from all CFR sites except Hawaii, where the ascertainment design did not permit this proband weighting.
The association between patient characteristics and MSI status was assessed using polytomous logistic regression, with MSI category as the outcome variable; odds of MSI-H or MSI-L versus MSS were computed. All analyses use sampling weights to account for the probability that a proband was selected for recruitment into the Colon CFR. There was negligible effect on our estimates from adjustment for study center (Ontario, USC Consortium, Australia, Mayo Clinic, Seattle), sex, and age at diagnosis (<40, 40-49, 50-59, 60-69, z70 y). As a result we report frequencies from the unadjusted data only. All analyses were conducted using SAS version 9.1 (SAS Institute Inc.) and Stata 9 (Stata Corporation).
Results
Characteristics of Study Population. A total of 3,143 cases were included in the analysis, representing (after weighting) an estimated 6,796 colorectal cancer cases in the underlying populations. All cited statistics and comparisons use the proband weights to estimate the number of cases represented by these data. The clinicopathologic features of the tumors for all colorectal cancer probands, and for those that did not meet the Amsterdam criteria, are shown in Table 1 and Figs. 1 to 4. Overall, 56% probands were men and 44% were women. The ethnicity of study participants was Caucasian (81%), African American/Caribbean (3%), South-East Asian (2%), Latin/Hispanic origin (2%), or unknown (12%). Among all cases, 14% of colorectal cancers were MSI-H, 13% MSI-L, and 73% MSS. MSI-H tumors accounted for more proximal than distal tumors, whereas MSI-L tumors were about equally represented in the two regions of the bowel (Fig. 1) . MSI-H tumors were more common among females than among males, even after the removal of the probands meeting Amsterdam criteria, but this pattern was not observed for MSS or MSI-L tumors (Fig. 2) .
Assessment of MSI status versus Age at Diagnosis. MSI-H tumors accounted for significantly different proportions of colorectal cancers across the different age groups (P < 0.001). Among cases under age 40, 24% had MSI-H cancer; whereas in 50-to 59-year-olds, only 8% were MSI-H (Fig. 3) . In contrast, the proportion of tumors that were MSI-L was relatively constant across age groups, varying between 10% and 17%. Both younger and older age at diagnosis increased the risk of a MSI-H cancer versus MSS (P < 0.0001), but a similar variation was not observed in MSI-L versus MSS (P = 0.49; Table 1 ).
Assessment of MSI Status and Family History
Characteristics. The proportion of cases that were MSI-H varied directly with family history (P = 0.002; Table 1 ). As shown in Fig. 4 , among probands who reported no first-degree relatives with a diagnosis of colorectal cancer, 13% had MSI-H tumors. This rose to 28% among those with two affected first-degree relatives and 40% among those with three or more. No similar trend was seen for the MSI-L probands. There were even suggestions that the proportions that were MSI-L decreased with family history (Table 1 and Fig. 4) .
The association of extracolonic cancers in relatives with the tumor MSI status of patients was also examined (Table 1) . Among colorectal cancer cases having one or more first-degree relatives diagnosed with endometrial cancer, 23.4% were diagnosed with MSI-H tumors versus 13.8% among those without such a family history (P = 0.02). Family history of endometrial cancer increased the risk of a MSI-H versus MSS cancer by 77% (95% confidence interval, 7-193%). This was significantly different (P = 0.02) from the pattern for MSI-L tumors, which were nonsignificantly less common among cases with a family history of endometrial cancer (P = 0.22). We also looked at associations with any noncolon/endometrial cancer, but neither the MSI-H nor the MSI-L subgroup of colorectal cancer seemed to show overrepresentation relative to the MSS group. Of the 70 cases with first-degree relatives diagnosed with double-primary cancers of the colorectum and endometrium, 41% were MSI-H.
Assessment of MSI Status and Amsterdam Criteria and Bethesda
Guidelines. There were an estimated 145 probands (2%) that met the Amsterdam I criteria; of these, 39% had MSI-H, 7.6% MSI-L, and 53.4% MSS tumors (computed from weighted Ns in Table 1 ). Among tumors of the 192 (2.8%) Amsterdam-II-criteria probands (which included those meeting Amsterdam I criteria), 37% were MSI-H, 6% MSI-L, and 57% MSS. At the same time, an Amsterdam family history was associated with a significantly higher risk of a MSI-H cancer in comparison with an MSS tumor (P < 0.001) although it conferred a nonsignificantly reduced risk of a MSI-L tumor (P for difference between MSI-L and MSI-H odds ratios < 0.0001). There were similar patterns for an Amsterdam II family history.
Among an estimated 2,503 probands that met one or more of the revised Bethesda Guidelines (37% of the total), 18% had MSI-H, 11% MSI-L, and 71% MSS tumors. The Bethesda criteria conferred an increased risk of a MSI-H cancer versus MSS and a lower risk of a MSI-L tumor versus MSS (P for difference between the MSI-L and MSI-H odds ratios = 0.002). However, the differences were less marked than in the Amsterdam analysis (Table 1) . Among probands that did not meet the Bethesda criteria, 11% were MSI-H, 14% MSI-L, and 75% MSS.
Assessment of MSI-H Status and Nonsyndromic
Familial Colorectal Cancer Risk. To investigate the residual familial colorectal cancer risk associated with MSI-H tumor phenotype among probands who do not meet the Amsterdam criteria (and so are unlikely to have Lynch syndrome in a population-based registry), the family history analysis was repeated after excluding 71 MSI-H probands who met the Amsterdam criteria I or II Table S1 ). Similarly, the association with increasing number of first-degree relatives diagnosed with endometrial cancer or with a double-primary diagnosis of colon and endometrial cancer also disappeared after the exclusion of Amsterdam criteria MSI-H probands.
Analysis of Tumor MSI Status by Age, Sex, and Anatomic Location. Table 2 shows the distribution of MSI subtypes stratified by age at diagnosis, sex, and tumor location. MSI-H tumors have a strong predilection for proximal location in both men and women, but the age-related increase in MSI-H tumors is more striking in women. Across all ages, those ages 50 to 59 years have the lowest proportion of MSI-H tumors, in both men and women. The increase in contribution of the MSI-H tumors in the older population was balanced by a decrease in the proportion of MSS tumors in the same age groups. The proportion of MSI-L tumors remained relatively unchanged across the same age groups (Tables 1 and 2 ).
Discussion
In this large population-based study, we systematically investigated the association of tumor MSI status with basic demographics and family history variables. Two novel and clinically relevant observations emerged. The first observation illustrates the major contribution of Lynch syndrome to colorectal cancer cases presenting with a family history of colorectal cancer; after subtracting MSI-H Amsterdam families, the proportions of MSI-H, MSI-L, and MSS cancers did not vary significantly with the numbers of affected family members diagnosed with colorectal cancer. Prior studies have not examined risks in relatives after subtracting out the syndromic groups. Second, we observed that MSI-L cancers represent a distinct tumor subtype because patients with MSI-L cancers exhibit certain epidemiologic characteristics different from both MSI-H and MSS tumors. Specifically, the distribution of MSI-L colorectal cancers by tumor location and sex differs from both MSI-H and MSS cases. The relationships with family history and age are also quite distinct for patients with MSI-L and MSI-H cancers.
Assessment of clinicopathologic features of colorectal cancer cases stratified by tumor MSI status showed that MSI-H tumors were more proximally located, and were more common among female cases than males. We observed that MSI-H tumors, but not MSI-L tumors, were significantly associated with colorectal cancer cases meeting the clinical diagnostic Amsterdam criteria and Bethesda Guidelines, when compared with MSS tumors. Furthermore, only MSI-H tumors showed a significant association with a diagnosis of colorectal cancer or endometrial cancer, or both, among first-degree relatives of the colorectal cancer cases (Table 1) . Taken together, MSI-H tumors show a preferential association with familial colorectal cancer. We observed that the proportion of MSI-H tumors varied by age in a U-shaped pattern; the younger cases undoubtedly reflect germline involvement of the DNA MMR genes, whereas the late-onset MSI-H cases arise nearly always through methylation of the promoter of MLH1 (29) . As a surrogate for having germline testing and tumor methylation testing on all registry patients, the combination of MSI-H tumors plus Amsterdam pedigree criteria was used to define a subset that is highly likely to possess DNA germline MMR mutations. This definition has been shown to be quite specific for the presence of DNA MMR germline mutations although the converse is not true. It is widely acknowledged that some Lynch syndrome cases will be missed by use of the conventional Amsterdam criteria (30) , that is, they lack high sensitivity due to several possible reasons, which include incomplete penetrance, variable expressivity, small families, nonpaternity, adoption, and loss of contact with family members.
As expected, in determining the association of tumor MSI status with clinical and family history characteristics, we observed a robust association between the MSI-H status of colorectal cancer probands and the Amsterdam Criteria and the Bethesda Guidelines. MSI-H tumor status was significantly associated with familial cancer predisposition, with the proportion of MSI-H cases increasing as the number of first-degree relatives diagnosed with such cancers increased. Of interest, however, when these putative Lynch syndrome probands were excluded from the analysis, there was no similar association between MSI-H group and family history. This observation may suggest that there is not another common highly penetrant single-gene hereditary disorder contained in the MSS, MSI-L, and MSI-H groups, once the Lynch syndrome families have been removed, or alternatively, the single-gene syndromes are equally represented in these three remaining groups.
Among Bethesda criteria -negative families, about 11% colorectal cancers were MSI-H. These are likely to be sporadic cases. Possible factors contributing to MSI-H status in these patients are epigenetic silencing mechanisms, including MLH1 promoter hypermethylation, and/or other mechanisms of somatic MMR inactivation, including mutations or allelic deletions.
This case-case study was not designed to assign or to be capable of assigning absolute risks for colorectal cancer among relatives, but rather to compare the proportions of MSS, MSI-L, and MSI-H across groups of patients defined by family history. Seeing the excess familial risk peel away from the MSI-H group with subtraction of the putative Lynch syndrome cases may raise the question of whether all familial risk in colorectal cancer studies is driven by the syndromic causes, of which Lynch syndrome is by far the most common. The design of this study does not permit analysis of this possibility because it could only assess differences in risk across MSI subgroups. Pinsky modeled familial clustering of colorectal cancer populations, incorporating what was then known about the inheritance, prevalence, and penetrance of HNPCC, and found the calculated risks closely matched the risks reported in the literature, raising the possibility that all the familial risk in colorectal cancer was driven by HNPCC (44) . Given the relative rarity of syndromic causes among all colorectal cancers, (e.g., 2.2% of all colorectal cancer have Lynch syndrome; ref. 30) , the increase in familial risks reported in the large population-based studies is expected to persist but a case-control study that incorporates tumor phenotyping will be required to address this point. A second line of information that emerged from this study was characterization of MSI-L probands and their families. The very existence of a MSI-L subgroup has been controversial. Might not all cancers have some MSI if one searched through enough markers? Or perhaps these were MSI-H tumors that had not yet evolved to a high level of MSI? In previous studies, MSI-L cases have generally been categorized with the MSS cases; clinically, however, it has been less clear if this lumping was justified, as family history characteristics had not been carefully evaluated in a larger series as we have done in this study. It was therefore interesting to note that the clinicopathologic characteristics of this group did not follow the pattern of either the MSS group or the MSI-H group. MSI-L tumors have a significant predilection to proximal location compared with MSS tumors, but gender distribution and family history association are similar to the MSS tumors (Supplemental Table S2 ). We looked carefully to determine if there was any association with endometrial cancer or other cancers in general category with MSI-L tumors but no association was detected.
Our study has several strengths. Results from this large, multicentered study have general applicability across different populations. We used a rigorous definition of family history to examine its association with colorectal cancers stratified by MSI-H, MSI-L, and MSS subtypes. The weaknesses of this study are the case-case design and a lack of germline MMR mutation data which would have helped to increase the specificity of our designation of Lynch Syndrome. Also, tumor location information is missing for a small number of colorectal cancers in our study.
In summary, this study made two observations. First, nearly all of the observed excess familial risk of colorectal cancer in MSI-H tumors is driven by the Lynch syndrome. When those families are subtracted from the analysis, even using as blunt an instrument as MSI-plusAmsterdam Criteria, the familial aggregation is indistinguishable from all other colorectal cancer subtypes. This suggests there will not be a common, highly penetrant, single-gene predisposition syndrome that accounts for the late-onset MSI-H cases that have MLH1 promoter methylation. A case-control study design will be required to assess the actual colorectal cancer risks among relatives of non -Lynch Syndrome cases. Second, we observed that MSI-L tumors may be biologically different from MSS or MSI-H tumors. MSI-L tumors are more proximal than MSS tumors, but the gender distribution of the MSI-L group of colorectal cancers was quite similar to MSS tumors and they do not seem to be MSI-H tumors that have not yet accumulated enough microsatellite alterations to be detected. The contribution of MSI-L tumors does not vary across different age groups, unlike both MSI-H and MSS tumors. Further analyses are encouraged to further define characteristics such as response to therapy and prognosis among these different tumor subtypes.
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